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Design of Three-Dimensional Hypersonic Inlets
with Rectangular-to-Elliptical Shape Transition

M. K. Smart*
NASA Langley Research Center, Hampton, Virginia 23681

A methodology has been devised for the design of three-dimensional hypersonic inlets. This methodology
makes extensive use of inviscid stream-tracing techniques to generate an inlet with smooth shape transition from
a rectangular-like capture to an elliptical throat. Highly swept leading edges and a significantly notched cowl
enable use of these inlets in fixed geometry configurations. The design procedure includes a three-dimensional
viscous correction and uses established correlations to check for boundary-layer separation caused by shock-wave
interactions. Complete details of the design procedure are presented and the characteristics of a modularinlet with a
design point of Mach 6.0 are examined. Comparison with a classical two-dimensional inlet optimized for maximum
total pressure recovery indicates that these three-dimensional inlets demonstrate good inviscid performance even
when operating well below the design point. An estimate of the on-design viscous performance corresponds with

that of an efficient inlet for scramjet applications.

Nomenclature
A = area
Cp = drag coefficient, Dip,/ 0.5y PyM? A ero
Cy = skin friction coefficient
CRI = internal contraction ratio of inlet
CRT = total contraction ratio of inlet
D, = inviscid drag
d, = hydraulic diameter of the inlet throat
H = two-dimensional inlet throat height
hy,h, = metrics of the x and z coordinates

L = length

M = Mach number

m, = mass capture percentage

P = pressure

Py = inlet compression ratio, P,/ P,

Py = total pressure recovery, (P;)ex/ (P
P, = total pressure

q = dynamic pressure

Re = Reynolds number

Ry = radius of axisymmetric compression field capture
r = radius

s = distance along streamlines

T = temperature

Tx = inlet temperature ratio, Tox/ T}

u, v, w = velocity components

w = two-dimensional inlet width

x,y,z = coordinatedirections

a = parameter in lofting procedure

B = boundary-layercrossflow angle

¥ = ratio of specific heats

19 = boundary-layerthickness

o = boundary-layerdisplacement thickness
Nkp = process efficiency

NKE = kinetic energy efficiency

0 = flow turning
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Subscripts

aero = aerodynamic capture

ca = inlet capture

cc = cowl closure

e = boundary-layeredge

ex = inlet exit conditions, x/ Ry = 8.0
i = incipient separation

inl = inlet

is = isolator

mfw = mass flow weighted

N = component normal to the shock
vis = viscous

w = wetted surface

1 = inlet entrance conditions

Introduction

HE design of efficient inlets for hypersonic vehicles utilizing

airframe-integratedscramjet modulesis a subject of interest at
NASA Langley Research Center. In these configurations, the vehicle
bow shock performs the initial compression, and the capture shape
for the inlet of each scramjet module is required to form three sides
of a rectangle so that the modules may be mounted side-by-side.
Other requirements are that the inlets have good starting character-
istics at ramjet takeover speeds (Mach 3-4) and operate efficiently
up to the vehicle cruise condition. To reduce structural complexity,
there is also a strong preferencefor an inlet with fixed geometry and
no requirement for boundary-layerbleed. A further desirable inlet
feature for some scramjet applications is a cross-sectional shape
transition to an elliptical throat. The inlet may then be used in com-
bination with an elliptical combustor, which is superior to a rect-
angular cross section in terms of the structural weight required to
contain a specified pressure and the wetted surface area needed to
enclose a specified flow area. Fluid dynamic problems associated
with hypersonic corner flows are also minimized with this type of
configuration. The aforementionedinlet features constitute a set of
stringent requirements, some of which will not be able to be met
in a practical vehicle. Hypersonic inlets designed using fully three-
dimensional design methodologies may be able to satisfy many of
these demands.

A number of three-dimensionally curved hypersonic missile in-
lets with circular or elliptical throats were designed and tested in the
1960s by Hartill,! Kiersey and Snow,? and Kutshenreuter? These
fixed geometry inlets showed good performance in the wind tunnel
and self-started at internal contraction ratios well above the one-
dimensional inviscid starting limit determined by Kantrowitz and
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Donaldson* However, the performance of this inlet class was dif-
ficult to predict with the computational tools available at that time.
In the mid-1980s, Simmons and Wiedner’ produced a thorough
literature review of three-dimensional hypersonic inlet design and
described a conceptual design methodology for inlets with rectan-
gular capture and circular throat. This methodology was an adaption
of the 1960°s design procedures to modular scramjet configurations,
and compriseda stream-tracingtechnique used in combination with
a lofting procedure for cross-sectional shape transition. Unfortu-
nately, no detailed design and testing of inlet configurations was
performed as a result of this study. An interesting article by Billig®
described the design and wind-tunnel testing of a scramjet missile
concept between 1962 and 1978. This missile included a three-
dimensionally curved inlet based on tracing streamlines through an
internal conical compression flowfield as described in Ref. 2.

The aim of the current project is the development of a complete
design methodology for three-dimensional hypersonic inlets. This
project has been undertaken to examine the possible advantages of
three-dimensional inlet geometries relative to more traditional in-
lets based on two-dimensionaldesign methodologies. Extensive use
of three-dimensional computational tools is essential for this work,
and the methodology utilizes many of the ideas developed in the
aforementionedinlet studies.'~*° Preliminary work on this project,
presentedin Ref. 7, involved the design of stream-traced hypersonic
inlets. The current article extends this work to hypersonic inlets in
which the shape of the inlet capture and throat are specified a priori,
something not able to be accomplished using stream-tracing tech-
niques alone. In particular, the work concentrates on inlets with
rectangular-to-elliptral shape transition (REST). The constraints
placed on the inlets designed in this work are suitability for modu-
lar scramjet applications, fixed geometry, no boundary-layerbleed,
and no large boundary-layerseparations. Given the self-starting ca-
pabilities exhibited by the inlets described in Refs. 1-3, internal
contractionratios are kept as low as possible, but are not required to
satisfy the Kantrowitz limit. Complete details of the design method-
ology are presented and the characteristics of a REST inlet with a
design point of Mach 6.0 are examined.

REST Inlet Design Methodology

General Remarks

While computational methods and computer speed have im-
proved markedly during the past 10 years, full Navier-Stokes cal-
culations of turbulent three-dimensional hypersonic inlet flows are
not yet a practical design tool. In the current work, the inlet design
methodology utilizes three-dimensionalinviscid calculations to de-
termine the shock structure and surface pressure signature of inlet
shapes. This information is then compared with empirical correla-
tions to check for boundary-layerseparationsresulting from shock-
wave interactions. A three-dimensional boundary-layercalculation
is then performed to determine the physical inlet shape that gener-
ates the inviscid flowfield. With the use of current supercomputers
and computational fluid dynamics (CFD) codes, the cycle time for
this process can be reduced to the point where numerous design
iterations can be performed in a few working days.

A complete inlet design procedureis logically separated into two
sections: 1) determination of the inviscid inlet shape, and 2) cal-
culation of the viscous correction. The inviscid portion of the de-
sign procedure is summarized in this section. A description of the
technique used to calculate the three-dimensional viscous correc-
tion to the inviscid shape is presented later. While the inviscid inlet
shapes generated using this methodology do not coincide with the
streamlines through any known flowfield; i.e., they cannotbe called
stream-tracedinlets, a modified stream-tracing technique forms the
basis of the inviscid portionof the design procedure. This will firstbe
summarized, followed by a descriptionof how stream-traced shapes
may be combined to construct an inlet with a specified shape tran-
sition. The inviscid portion of the design procedure is completed by
a brief description of the use of established shock-wave/boundary-
layer separation criteria for the types of turbulentshock interactions
that occur in REST inlets.

Stream-Traced Inlets

The stream-tracing process provides a powerful but relatively
simple technique for determining the inviscid shape of an inlet with
a predeterminedcapture shape and pressure ratio. The general steps
are as follows.

1) Construct a desirable compressive flowfield that has the same
entrance Mach number and pressureratio as required for the inlet. In
practice, this flowfield is usually chosento be either two dimensional
or axisymmetric.

2) Define a capture shape that fits within the entrance of the
compression field.

3) Calculate the path of the streamlines that pass through the
perimeter of the capture shape. The stream surface defined by these
streamlines constitutes the inviscid shape of the inlet.

The key to the design of efficient stream-tracedinlets is the choice
of the compression field through which the streamlines are traced.
Whatever features are containedin this flowfield will also be a part
of the flowfield generated inside the inlet. The current choice for
the form of this flow is an axisymmetric compression field with a
constant radius centerbody. This flowfield, a schematic of which is
shown in Fig. 1, takes advantage of the isentropic compression in-
herent in axisymmetric compression fields, whereas the centerbody
removes the flow regionnear the axis where shock focusing can lead
tohighlosses. The outersurfaceshapeis determinedby a tradeoffbe-
tween maximum total pressure recovery, maximum shock strength
that will not produce boundary-layer separation, minimum length,
and minimum exit flow nonuniformity.In the currentwork, a prelim-
inary shape is determined by reversing an axisymmetric expansion
nozzle profile with centerbody radius, throat Mach number, and
pressure ratio similar to the desired inlet. The profile is then short-
ened by converting the initial portion to a finite lip angle. Finally,
some iterationofthe centerbodyradius and throatshapeis performed
so that significant canceling of the axisymmetric shock wave occurs
at the throat. This process has been found to generate axisymmetric
compression fields suitable for practical inlet configurations.

Once the compression field has been calculated, a multitude of
possible capture shapes are available to the inlet designer. The mod-
ular application of the current work requires that the capture shape
have parallel sides and a straight top at right angles to the sides;
however, the bottom (or cowl) can be of a more general shape. Typ-
ically, the largest desired capture shape that fits within the annular
entrance flow is chosen to minimize the inlet length/cross-sectional
area ratio. Figure 1 shows the inlet formed by a rectangular capture
shape. Note that streamlines passing through the capture perimeter
remain straight, up to the point each encounters the shock surface,
allowing the side leading edges of the inlet to be highly swept and
the cowl to be notched. It is this characteristic of the current design
methodology that enables the inlet to operate well below its design
point by spilling flow below the cowl.

In the current work, the axisymmetric compression fields were
calculated using the NASA Langley Research Center’s program,
SEAGULL, which is an inviscid shock-fitting code specifically

Leading edge
of inlet

Rectangular capture
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Axisymmetric
compression surface

Shock from

Center-body finite lip angle

Fig. 1 Schematic of a stream-traced inlet based on an axisymmetric
compression field.
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Fig. 2 Inlet cross-sectional shape distributions for different capture
perimeters: a) Rectangular capture shape and b) capture shape used
for REST inlets.

designed for supersonic internal flows.® Once the axisymmetric
compression field is calculated, the paths of streamlines passing
through the capture shape are determined using the stream-tracing
routine in the plotting program TECPLOT. Figure 2a shows the
distortion of a rectangular capture shape as the streamlines pass
through a typical axisymmetric compression field. Note that this
capture shape leads to a convex bump on the cowl surface that is
not acceptable for a practical inlet. A capture shape that generates a
more suitable cross-sectional distribution throughout the compres-
sion field is shown in Fig. 2b. This capture shape still satisfies the
modular requirements of the current work, but the curved bottom
edge of the capture shape leads to a more desirable cross-sectional
shape at the inlet throat. The inlet represented in Fig. 2b typifies
the stream-traced shape that is adapted in the current work to allow
independentspecification of both capture and throat shapes.

Inlet Shape Transition

Streamline tracing techniques enable the generation of an inlet
shape that has characteristics almost identical to a predetermined
flowfield, but an independently specified capture shape. Similarly,
stream-tracingtechniquesenable the determinationof an inlet shape
with characteristicsnearlyidenticalto a predeterminedflowfield, but
with an independently specified throat shape. This can be obtained
by simply tracing streamlines backward through the flowfield. In
the current methodology, an inlet with an independently specified
capture and throat is determined by combining a number of stream-
traced shapes to produce a smooth transition from capture to throat.
If this combination of stream-traced shapes is done in a judicious
way, the resultantinlet shape can produce an inviscid flowfield with
characteristicsonly slightly degraded from the original flowfield.

Of particularinterestin the currentwork is the generationof inlets
with transition from a rectangular-likecapture shape to an elliptical
throat (REST). The steps used to perform this are as follows.

1) Calculate a desirable axisymmetric compression field that has
the same entrance Mach number and pressure ratio as required for
the inlet.

2) Generate a stream-traced inlet shape using a rectangular-like
capture shape such as that shown in Fig. 2b; this is designated as
shape A.

3) Generate a second stream-traced inlet shape using a capture
shape similarto shape A, butwith radiusedcorners;thisis designated
as shape B.

4) Generate a third inlet shape that has an elliptical throat of the
same area as shape A; this is designated as shape C.

Fig. 3 Cross-sectional shape distribution for a REST inlet.

5) Smoothly combine all three inlet shapes to form a REST inlet
that has the capture shape of A, the cross-sectional shape of B at
cowl closure, and the same throat shape as C.

Smooth shape transition between the three stream-traced inlets
is accomplished in the current work with a mathematical lofting
procedure developed by Barger.!° This procedure enables smooth
transition from an initial to a final shape with a remaining free
parameterthatcan be adjusted,in thisinstance, to optimizethe REST
inlet for maximum total pressure recovery or minimum exit flow
nonuniformity. For example, if f1(y) and f,(y) represent the cross
sections of shapes A and B at some intermediate station between
inlet capture (x.,) and cowl closure (x..), then the cross section of
the REST inlet at the intermediate station is given by

F) =LA 521 A1 (1)

X — Xca “
E(x) = <ﬁ> , a> 0

Combining cross sections in this way smooths out regions of
high curvature. Values of o ranging between 1.0 and 5.0 have been
found to supply sensible shape transitions for the current applica-
tion. Figure 3 shows a typical cross-sectional shape distribution for
a REST inlet with a=3.5. Once the coordinates of the REST in-
let cross-sectional shapes are known, they are used to generate a
computational grid for calculating the flowfield generated by the
inlet. It is noted that while the on-design performance of a stream-
tracedinletis already predeterminedas part of the design procedure,
the determination of both the on and off-design performance of the
REST inlet requires the use of fully three-dimensional computa-
tional methods.

where

Shock-Wave/Boundary-Layer Interactions

Itis of considerableimportance to include some treatment of tur-
bulent shock-waveboundary-layerinteractions in the inviscid por-
tion of the inlet design procedure. Shock-induced boundary-layer
separation can produce significant losses within the inlet, and may
causeinletunstart. Large separated regions also invalidatethe use of
the boundary-layerequations for calculating the viscous correction
needed to determine the physical shape of the inlet. Established in-
cipient separation criteria for turbulentinteractionsare employedin
the current work to determine the maximum shock strength allow-
able within the inlet. In practice, it is the desire to inhibit boundary-
layer separation that sets a limit on the minimum length of an inlet.

Shock-wave/boundary-layerinteractions are generally separated
into two categories:

1) Two-dimensional interactions such as those that occur at an
unswept compression ramp or when a planar oblique shock reflects
at a surface.

2) Swept interactions,such as the interactionproducedby a planar
oblique shock wave as it sweeps across a flat plate from a perpen-
dicular fin.

Incipient separation criterion for turbulent boundary layers have
been established for both these types of interactions, most no-
tably by Korkegi.!' For two-dimensional interactions, the pressure
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rise for incipient separation increases rapidly with Mach number.
Conversely, incipient separation of swept interactions is indepen-
dent of freestream Mach number and occurs at a pressure ratio of
P,/ P = 1.5; i.e., when the Mach number component normal to the
shock reaches My ~ 1.2. The shock-waveboundary-layerinterac-
tions that occur in the inlets designed using the current methodol-
ogy do not belong to either category. These involve the reflection
of curved shocks at smoothly curved surfaces, where the line of re-
flection is generally swept back with respect to the oncoming flow.
In a typical REST inlet, the incident shock reflects at the crotch of
the cowl, sweeps across the bottom and side surfaces, and strikes
the top surface at the throat. For these mixed interactions, Korkegi'?
suggested that My is the most dominant parameter for determining
incipient separation. Given this, the two-dimensionalincipient sep-
aration criterion of Ref. 11 is applied to the mixed interactions of
interest in the current work as follows:
P/ P =1.0+0.3M2,

My< 45 (2a)

P/ P =017M2, My >4.5 (2b)
If the sweep angle of a mixed interaction is defined as the angle
between the line perpendicularto the flow and the line parallel with
the shock wave, this criterion can be plotted as shown in Fig. 4.
Note that at a given Mach number, the pressure rise for incipient
separation of a mixed interaction lies between a maximum defined
by the two-dimensional interaction (sweep angle=0.0 deg) and
a minimum associated with the swept interaction. Equation (2) is
utilized in this manner for the REST inlet design test case described
in the next section.
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Fig. 4 Incipient separation limits for mixed shock-wave/boundary-
layer interactions.
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Inviscid Performance of a Mach 6.0 REST Inlet

Shape Determination

The design methodology described in the previous section is ap-
pliedin the currentpaperto a scramjetinletmodule mounted beneath
a vehicle cruising at M =7.1. The vehicle is assumed to travel on
a constantg = 50-kPa trajectory. In combination with a 6-deg fore-
body compression, the inlet is required to supply the scramjet com-
bustor with flow at P =50 kPa. Flow enters the inlet at M; = 6.0
in this instance, and the required inlet compression ratio is Pg =
13.50. All calculations performed for this paper assume airflow at
y =14,

Pressure contours in the axisymmetric compression field calcu-
lated for this case are shown in Fig. 5 (with the vertical scale mag-
nified to aid visualization). In this instance, a lip angle of 4 deg and
a centerbody radius of r/ Ry =0.10 were used. These values result
from a compromise between minimum length and the requirement
for no boundary-layerseparation. The throat profile and its position
were chosen to perform the maximum amount of shock cancella-
tion, leading to a relatively uniform exit flow. The characteristics
of a REST inlet constructed using this flowfield will depend on
how the different stream-traced shapes are combined to form the
required shape transition. After iteration involving the geometry of
the bottom edge of the capture shape, the radii of the corners at cowl
closure, the aspectratio of the throat, and the a used in the lofting
procedure, the REST inlet shown in Fig. 6 was generated. This iter-
ation required the use of the fully three-dimensional computational
methods describedin the nextsubsection.Note the significantsweep
of the side leadingedges of the inlet, the extensivenotchin the cowl,
and the transition from a capture shape with pronouncedcornersto a
throat with elliptical cross section. The overall contractionratio for
thisinletis CRT;,, =5.92. Internal contractionbeginsin these inlets
at cowl closure. Based on the cross-sectional area perpendicularto
the entrance flow at cowl closure, the internal contraction ratio of
the inlet is CRI;,, =2.34.

/ Elliptical Exit

Notched Eowl

Swept Side Leading Edges

Fig. 6 Pictorial view of the Mach 6.0 REST inlet.
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Fig. 5 Axisymmetric compression field used to design the Mach 6.0 REST inlet.
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Three-Dimensional Inviscid Flow Calculations

The three-dimensionalinviscid flowfields generated by the inlet
shown in Fig. 6 have been calculated using the CFD code GASPv3
(Ref. 13). This code utilizes cell-centered, finite volume, upwind
methods to solve the three dimensional, unsteady, compressible
Euler equations. A mixed topology grid was found to be the most
suitable for REST inlet calculations. This grid consisted of 545
planes normal to the freestream direction with each plane contain-
ing a central 37 x 37 H-type mesh constructed within a peripheral
17 x 109 C-type mesh as depictedin Fig. 7. This type of grid allowed
for a smooth transition from the cornered entrance plane to the ellip-
tical exit without unsatisfactory cell distortion. Typical CPU times
of 14 min were obtained on a Cray C-90 for space-marchingcalcu-
lations with four orders of magnitude convergence. A 50% increase
in the number of grid points in both cross-plane directions showed
little change in the flowfield solution. For the present calculations,
the inlet is assumed to be mounted underneath the vehicle and be-
tween identical modules. Flow spillage upstream of the notched
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cowl is modeled by using an extrapolation boundary condition for
boundary cell faces ahead of the leading edge.

Inviscid flowfield calculations have been performed at the
M, =6.0 design condition as well as at M; =4.8 and 3.6. A com-
parison of the results of these calculations provides insightinto the
development of the inlet flow structure as the vehicle accelerates
to cruise conditions. Figures 8a-8c show pressure contours in the
symmetry plane of the inlet at M; =3.6, 4.8, and 6.0, respectively
(with the vertical scale magnified to aid visualization). At Mach 3.6,
the inlet shows considerable spillage below the notched cowl, and
the cowl shock strikes the top surface well upstream of the throat.
Minimal shock cancellationoccursin this instance, and an extensive
shock system can be seen downstream of the throat. At Mach 4.8,
the shock waves in the flow are swept farther downstream, leading
to considerably less spillage than at Mach 3.6. Some shock can-
cellation does occur at the inlet throat; however, significant flow
nonuniformity persists at the inlet exit (x/ Ry = 8.0). At the Mach
6.0 design point, the leading shock wave passes only slightly up-
stream of the cowl and the cowl shock is almost canceled at the
throat (x/ Ry =6.15). Minimal spillage occurs in this instance and
the flow structure, while not being identical to the original axisym-
metric compression field, is only slightly degraded in terms of exit
flow nonuniformity and total pressure recovery. Given the signif-
icant shape transition of the inlet, reduction of flow degradation
relative to the original compression field to the level observed here
is considered to be a significant achievement.

Figure 9 shows a pictorial view of the REST inlet with surface
pressure contours correspondingto the M; = 6.0 inviscid flowfield.
Note that the top surface pressure distribution contains very little
lateral variationupstream of the throat, indicating that it does not see
any swept shock waves. Swept shock-wave/boundary-layerinterac-
tions involving the top surface boundary layer (which has generally
been ingested from the forebody), are a considerable problem for
side-wall compressioninlets. In the current configuration, only the
side and bottom inlet surfaces encounter swept shock waves. These
interactionshave a less significant effect on the overall performance
of the inlet, as the boundary-layer thickness is considerably less
than on the top surface. Checks for boundary-layerseparation have

Cowl Closure Plane
x/R, = 3.90

P/P, -
1.5 25 3

5 4.5 55 6.5 7.5

9.5 105 115 125 135 145

Fig. 8 Symmetry plane pressure contours generated by the Mach 6.0 REST inlet at different Mach numbers. M = a) 3.6, b) 4.8, and ¢) 6.0.
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Fig. 9 Pictorial view showing surface pressure contours in the on-design Mach 6.0 REST inlet flowfield.
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Fig. 10 Schematic of the two-dimensional inlet used for performance
comparison.

beenmade for the turbulentshock-wave/boundary-layerinteractions
associated with this flowfield, using the procedure outlined in the
previous section. These indicated that the swept interaction on the
bottom surface may induce some level of separation, while interac-
tions on the top and side surfaces are below the incipient separation
limit. A swept separation of the thin bottom surface boundary layer
is not considered to have a significant effect on practical inlet oper-
ation in this instance.

Table 1 lists some properties of the inlet flowfield at the exit plane
(x/ Ry =8.0), including mass capture percentage, compression ra-
tio, temperatureratio, and exit Mach number. These properties were
calculated by converting the nonuniformexit flowfield to an equiva-
lent one-dimensionalflow with the same total enthalpy,axial stream
thrust, cross-sectionalarea, and mass flow. The listed property vari-
ations correspondto the percentage property range about the equiv-
alent one-dimensional value. It is interesting to note that both the
pressureand temperaturerise generatedby the fixed geometry REST
inlet remain relatively constant between M| = 3.6 and 6.0. Further-
more, less than 16% of the mass flow compressed by the inlet spills
below the cowl at M, =3.6. Of the three Mach numbers exam-
ined, exit flow nonuniformity is greatest at M; =4.8. Although the
M, =3.6 case is farthest from the design point, the greater wave
angles associated with the lower Mach number flow produce con-
siderable wave cancellationby the time flow reaches the exit plane.

Comparison with a Two-Dimensional Inlet

To gauge the effectivenessof the REST inlet, its performancecan
be compared with a classicaltwo-dimensionalinlet. Figure 10 shows
a schematic of the two-dimensional, three-shockinlet configuration
used for comparison. It is assumed to have shock angles optimized
for maximum total pressure recovery, perfect shock reflection, an
aspectratio of W/ H =4.0, and the same normalizedisolator length
(Li/ d,) as the REST inlet. Performance properties for the REST
inlet are listed in Table 2. These may be directly compared with the
performance properties of a two-dimensional inlet that generates

Table1 Mach 6.0 REST inlet inviscid characteristics

Property Mach 3.6 Mach 4.8 Mach 6.0
me 84.4% 94.0% 99.5%
Pg 148+3.0% 13.7+19.1% 13.8+9.8%
Tr 219+£22%  2.16+£58%  2.16+6.4%
My 1.77+£27%  2.82+53%  3.74+4.2%

Table2 REST inlet inviscid parameters

Property Mach 3.6 Mach 4.8 Mach 6.0
Pr 0.960 0.932 0.926
MKE 0.995 0.996 0.997
MKD 0.990 0.982 0.981
Cp 0.349 0.185 0.114
Lin/ dp, 17.57 17.57 17.57

Table3 Two-dimensionalinlet inviscid parameters

Property Mach 3.6 Mach 4.8 Mach 6.0
Pr 0.784 0.795 0.791
MKE 0.972 0.985 0.990
MKD 0.945 0.946 0.945
Cp 0.348 0.193 0.125
Lin/ dp, 7.90 13.26 18.08

the same pressure rise at the same entrance Mach number, listed
in Table 3. The REST inlet has better performance than the two-
dimensionalinlet in terms of total pressure recovery, kinetic energy
efficiency, and process efficiency even well below its design point.
While the REST inlet has an L;,/d, similar to the M, =6.0 two-
dimensional inlet, the two-dimensional inlets used for comparison
at M, =3.6 and 4.8 are considerably shorter than the REST inlet.
Despite this fact, the inviscid drag coefficient for the REST inlet
is lower than the M, =4.8 and 6.0 two-dimensional inlets, and is
almost identical to the M, = 3.6 two-dimensional inlet. The values
listed in Tables 2 and 3 constitute a satisfying result as an optimized
two-dimensional, three-shock inlet is generally considered to have
good performance. It is important to note, however, that the values
listed in Tables 2 and 3 are only based on inviscid calculations and
do not represent actual performance levels.

Viscous Correction Calculations

General Remarks

The final stage of the design procedure involves calculation of
a viscous correction to the inlet shape. Without enlargement of the
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inlet to allow for boundary-layer growth, the overall pressure ratio
generated during actual operation will be considerably higher than
that predicted with the inviscid calculations. In the current work
involving three-dimensionally curved inlets, the viscous correction
mustinclude some treatmentof three-dimensionaleffects. However,
full calculation of the corner flows at the entrance to the inlet or the
shock-wave/boundary-layer interactions that occur throughout the
inlet flowfield is not practical or desirable within a design procedure.
In this instance, we simply wish to obtain a smooth correctionto the
inlet shape so that the actual inlet flowfield contains a core region
that is similar to that predicted by the inviscid calculations. There-
fore, the viscous correction performed in the current work neglects
corner flows, smooths any abruptchangesin the boundary-layerdis-
placement thickness caused by shock interactions,and makes use of
the assumption that flow direction within the boundary layer does
not vary greatly from the local inviscid flow direction. The corners
are quickly smoothed out in a REST inlet, hence neglecting the cor-
ner flows should not degrade the accuracy of the viscous correction.
Furthermore, smoothing the abrupt displacement thickness change
that occurs at shock interactionsis a necessity for the design of any
practicalhypersonicinlet. Finally, the assumptionof small crossflow
is consideredto be reasonablefor hypersonic REST inlets, exceptin
the local region surroundingshock-waveinteractions(with the usual
caveat for large separations). As the details of the shock interaction
region are smoothed out as part of the general viscous correction
procedure, this deficiency should not be significant.

Small Crossflow Equations

Two useful concepts for the study of three-dimensional com-
pressible boundary layers are streamline-based orthogonal coordi-
nate systems and the analogy between the axisymmetric and small
crossflow boundary-layerequations. A boundary layer on a curved
surface can be represented by a streamline-based coordinate sys-
tem in which the x-coordinate curves are formed by the projec-
tion of the inviscid streamlines onto the surface, the z-coordinate
curves remain on the surface and are orthogonal to the x curves,
and the y coordinate is normal to the surface. When using this
system, the u-velocity component is called the streamwise veloc-
ity and the w-velocity component is called the crossflow. In gen-
eral, flow in the boundary layer differs from the inviscid freestream
by the crossflow angle 8 = tan™'(w/ ). In many high-speed flows
where separation does not occur, 8 is small everywhere and the
small crossflow assumptions may be used to simplify the full three-
dimensional boundary-layer equations. In this instance, the conti-
nuity, streamwise momentum, and energy equations are decoupled
from the crossflow momentum equationand are solved separately.'*
If the metrics of the x and z coordinates are represented by /4, and
h,, these equations take the same form as the axisymmetric com-
pressible boundary-layer equations with %, in place of the radius
of the axisymmetric body and s as the distance along the stream-
line (where 6/ 8s = 1/ h,0/ dx). These ideas are applicable to both
laminar and turbulentflow. In solutionsof the small crossflow equa-
tions, 0h,/ 0s > 0 indicates streamline divergence, &, = const indi-
cates parallel streamlines (i.e., locally two-dimensional flow), and
0h,/ 0s < 0 indicates streamline convergence. The inlet flowfields
of interest in the current work include substantial variations in /,;
hence, use of a two-dimensionalboundary-layercalculation would
have resulted in a poor estimate of the inlet boundary layer.

Given the geometrical properties of the inviscid streamlines and
a closure model for the turbulent terms, the small crossflow equa-
tions may be solved along each streamline using a finite differ-
ence boundary-layercode. The two-dimensional code described in
Cebeciand Bradshaw' was adaptedin the current work for use with
nonisentropic edge conditions. This code uses the eddy-viscosity
turbulence model from Cebeci and Smith.!® Solution of the axisym-
metric boundary-layerequations, or in this case, the small crossflow
equations, was obtained by incorporating the Mangler transforma-
tion into the standard Levy-Lees transformation used in the code.
In the unmodified code, the full-edge conditions are input at the
starting station and the edge conditions in the remainder of the cal-
culation are determined using the imposed pressure distributionand

the assumption of isentropic flow. In the current work, the code was
modified to read in both the pressure and velocity at the boundary-
layer edge along the full length of the calculation. Furthermore,
the standard substitution of p,u,0u,/ 0s for the —0P,/ Os term in
the streamwise momentum equation was bypassed. These neces-
sary changes required some small additions to the standard code;
however, its overall computational structure remained unchanged.

Viscous Correction to the Mach 6.0 REST Inlet

The viscous correction to the REST inlet was calculated at its
design point with freesteam conditions M| =6.02, P, =2032 Pa,
and T, =63 K, corresponding to Re; =2.6 x 10’/m. An inlet cap-
ture width of 152 mm was chosen, boundary-layer transition was
assumed to occur 12 mm downstream of leading edges, and an adia-
batic wall assumption was made. Some resultsof the boundary-layer
calculations performed for this viscous correction are described in
the following paragraphs.

The inviscid calculations of the Mach 6.0 REST inlet flow-
field were used to determine the paths of streamlines needed for
boundary-layercalculations. Unfortunately, the tangency boundary
condition used in GASPv3 causes an anomalous entropy layer to
form at the wall downstream of shock/surface interactions. This de-
fect is typical of upwind-biased CFD codes written specifically for
solution of the Navier-Stokes equations. The extent of the flow area
contaminatedby this error can be minimized by grid clusteringnear
walls, but can only be removed by using a more rigorous tangency
boundary condition formulation. To mitigate the errors associated
with the aforementioned numerical anomaly, significant grid clus-
tering was employed near walls (see Fig. 7) and flow properties from
the seventhnode away from the wall were superimposedon adjacent
wall nodes. Streamlines were then traced in the boundary surfaces
of the inlet grid using the TECPLOT? stream-tracing routine.

Figure 11 shows the displacement thickness, skin friction coeffi-
cient,and imposed pressuredistributioncalculatedalong the stream-
line starting from the midpoint of the top leading edge of the inlet.
The imposed pressure climbs steadily along the streamline until the
throat region (x 0.7 m), where it jumps quickly to a level approx-
imately equal to that at the inlet exit. Boundary-layerdisplacement
thickness grows quite quickly in the upstream section of the inlet,
owed, in part, to the convergence of streamlines. Interestingly, this
growth halts at the throat, dips slightly, then continues at a slow rate
over the remaining inlet length. The sudden change in 8" growth
observed at the throat is a result of both the rapid pressure rise and
cessation of streamline convergence that occurs in this region. The
C/ distribution along this streamline is qualitatively similar to that
which occurs on a constant pressure flat plate; however, it drops to
an extremely low value at the exit of the inlet (C; ~0.0004), as a
consequence of the substantial streamline convergence that has oc-
curred along its length. In general, streamline convergenceleads to
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Fig. 11 Boundary-layer properties calculated along the streamline
starting at the midpoint of the top leading edge of the REST inlet.
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Fig. 12 Cross-sectional shape distribution for the viscous corrected
Mach 6.0 REST inlet.
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Fig. 13 Three-dimensional hypersonicinlet performance comparison.

a larger 6* and a reduced C; relative to a flat plate under the same
pressure distribution. The boundary-layer parameter distributions
shown in Fig. 11 are typical of those along most streamlines on the
inlet surface.

Smoothed 8* distributions calculated along 36 streamlines start-
ing at the leading edges of each of the top, side, and bottom surfaces
were added to the inviscid shape of the inlet, thereby increasing its
cross-sectionalarea. The cross sections of the viscous corrected in-
let shape are shown in Fig. 12. No boundary-layercalculations were
instigated at the inlet corners, so that the coordinates corresponding
to the corners of each cross section were calculatedby extrapolation
from adjacent points. Only subtle differences between the inviscid
and viscous corrected shapes are apparent (compare Fig. 12 with
Fig.3); however, the overallcontractionratio of the inlethasreduced
to CRT,;;, =4.67, with an internal contractionratio of CRI;; =2.12.
While a CRI =2.12 is greater than the Kantrowitz starting limit,
experimental results of Refs. 1-3 suggestthat inlets of this class can
self-startat Mach 6 with significantly higher CRI than indicated by
this one-dimensionalinviscid limit. The actual starting characteris-
tics of the REST inlet down to ramjet takeover speeds will need to
be determined by experiment.

With the completion of the viscous correction, a more realistic
estimate of the inlet performance parameters may be made. The flow
exiting the inlet consists of approximately 36% boundary layer by
mass. Equivalent one-dimensional stream thrust conserved perfor-
mance parameters obtained by combining the boundary layer and
core flows of the REST inlet are listed in Table 4, along with the
correspondinginviscid values. While the estimated performance of
the actual inlet is significantly reduced from its inviscid level, these
values correspond to those of an efficient scramjet inlet at Mach
6.0. Figure 13 shows a comparison of the REST inlet with three-
dimensional inlet test data reported in Refs. 1, 3, and 6 in terms of
mass flow weighted total pressure recovery, (Pr)mry. While com-
parison of inlets with different compression ratios, mass captures,
and design Mach numbers is somewhat arbitrary, Fig. 13 does indi-
cate that REST inlets designed using the current procedure promise
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Table4 Comparison of REST
inlet inviscid and viscous
parameters at Mach 6.0

Parameter Inviscid Viscous
Pr 13.78 13.54
Tr 2.16 2.60
Mex 3.74 3.28
Pr 0.926 0.465
NKE 0.997 0.966
MKD 0.981 0.849

better inlet efficiency than similar fixed geometry configurations
designed and tested in the 1960s. The superior performance of the
REST inlet is believed to be a result of both the inclusion of the
three-dimensional boundary-layer correction in the design proce-
dure, and to the optimization of the inlet shape transition. Neither
of these steps were included in the design of the inlets described in
Refs. 1-3 and 6. The marked difference between (Pr)pp, =0.734
and the stream thrust conserved value of P; =0.465 shown in Ta-
ble 4 highlightsthe importance of using consistentcalculationmeth-
ods when comparing hypersonic inlet performance.

Conclusions

A methodologywas presentedfor the design of three-dimensional
hypersonic inlets with rectangular-to-elliptial shape transition.
These fixed geometry inlets included highly swept leading edges
and a significantly notched cowl to allow the possibility of self-
starting at ramjet take-over speeds. The inviscid portion of the de-
sign procedure made extensive use of streamtracing methods and a
mathematicallofting techniqueto determine an aerodynamicallyef-
ficient shape transition. Furthermore, the surface pressure signature
of the inlet flowfield was compared with established correlations
to check for shock-induced boundary-layer separation. The final
step in the procedure involved a simplified three-dimensional tur-
bulent boundary-layercalculation for determination of the physical
inlet shape that generates the desired inviscid flowfield. This de-
sign procedure utilized currently available computational tools and
high-speed computers to perform the numerous cycles needed to
complete a design.

The characteristicsof a Mach 6.0 inlet designed with the current
methodology were described. Inviscid flowfield calculations indi-
cated that this inlet exhibited good on-design performance while
generating a relatively uniform exit flow and low drag coefficient.
This was considered to be a significant achievement given its sub-
stantial shape transition. Examination of the off-designinviscid per-
formancedown to Mach 3.6 indicatedan increasedlevel of exit flow
nonuniformity and a minimum mass capture of 84.4%. However, its
performance remained above that of a two-dimensional inlet opti-
mized for maximum total pressure recovery. Completion of the vis-
cous correction allowed equivalent one-dimensional stream thrust
conserved performance estimates of Pr =0.465, ngz =0.966, and
Nkp = 0.849 to be obtained for the actual inlet. If realized in prac-
tice, these levels correspond to an efficient inlet for scramjet appli-
cations. This work clearly shows the performance advantages that
may be gained through the use of three-dimensional inlet geome-
tries relative to more traditional inlet configurations designed using
two-dimensional techniques.
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